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ABSTRACT Complex dielectric constants of human erythrocyte suspensions over a frequency range from 45 MHz to
26.5 GHz and a temperature range from 5 to 400C have been determined with the open-ended coaxial probe technique
using an automated vector network analyzer (HP 8510). The spectra show two separate major dispersions (I and y) and
a much smaller dispersion between them. The two major dispersions are analyzed with a dispersion equation containing
two Cole-Cole functions by means of a complex nonlinear least squares technique. The parameters of the equation at
different temperatures have been determined. The low frequency behavior of the spectra suggests that the dielectric
constant of the cell membrane increases when the temperature is above 350C. The real part of the dielectric constant
at -3.4 GHz remains almost constant when the temperature changes. The dispersion shifts with temperature in the
manner of a thermally activated process, and the thermal activation enthalpies for the A- and y-dispersions are 9.87
0.42 kcal/mol and 4.80 ± 0.06 kcal/mol, respectively.
INTRODUCTION
Dielectric measurements made over a wide frequency
range provide one of the most reliable means for obtain-
ing structural and dynamic information about materials.
Low frequency measurements of this kind have been
widely made; however, dielectric properties in the GHz
range have been less studied. During the last 10 years, the
open-ended coaxial probe technique with an automated
vector network analyzer has been fairly extensively ap-
plied to liquids, colloids, and suspensions, because it is
much more convenient to use than transmission line meth-
ods (Baker-Jarvis et al., 1990), especially for small quan-
tities of liquid. It covers a much wider frequency range
and provides many more frequency points than resonant
cavity methods, although the latter are in general more
accurate (Dube, 1988). Dielectric information about liv-
ing cells is of importance for a fundamental understand-
ing of the interaction between electromagnetic fields and
biological systems (Edwards et al., 1992; Schwan, 1985;
Pethig, 1984) and for clinical applications (Chou, 1992;
Foster and Cheever, 1992). Among living cells, erythro-
cytes have been widely studied with a variety of experi-
mental techniques (Bone et al., 1993; Ballario et al.,
1984). However, most of these studies are in the radio
frequency range, and there are few systematic studies of
the temperature dependence of dielectric properties of
living cells above 5 GHz (Michaelson and Lin, 1987;
Schwan and Foster, 1980). The dielectric behavior of
such systems is mainly due to the dynamic response of
their constituents to the external field and should be a
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reflection of their dominant physiological and physical
processes. This has been a subject of both experimental
and theoretical study for many years (Asami et al., 1988;
Schwan, 1957). In this paper, as a continuation of our
previous low-frequency (1 Hz to 10 MHz) studies on hu-
man erythrocytes (Bao et al., 1992, 1993), we report the
microwave dielectric spectra of human erythrocyte sus-
pensions and their complex nonlinear analysis in the fre-
quency range from 45 MHz to 26.5 GHz and for tem-
peratures from 5 to 40'C. At each temperature, the
measurements show two separate major dispersions,
which are commonly referred as the 3- and fy-dispersions.
The {3-dispersion, centered in the radio frequency range,
is largely due to the occurrence of Maxwell-Wagner ef-
fects at the interface between the cell membrane and the
aqueous phase. Charging and relaxation processes on the
cell membrane, involving conducting ions within and out-
side the cell, are related to the properties of the cell mem-
brane, the cytoplasm, and the extracellular medium, such
that a study of the 3-dispersion can provide information
about cell membrane and cytoplasm. The 'y-dispersion,
centered in the microwave frequency range, is attributed
to the relaxation of water molecules in the bulk phase.
Apart from the two dispersions mentioned above, a much
smaller dispersion centered around 1 GHz has also been
observed. It has been suggested that this small dispersion
results from the relaxation of bound water and perhaps
side chain motions of macromolecules (Steinhoff et al.,
1993; Pethig, 1984). The conformation and the thermo-
dynamic properties of these macromolecules strongly af-
fect the water molecules around them, and consequently
this small dispersion. Our understanding of it in terms of
mechanisms is incomplete.
EXPERIMENTAL PROCEDURES
A block diagram of our HP 8510 network analyzer and measurement con-
figuration is shown in Fig. 1. One end of a right-angle semi-rigid coaxial
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FIGURE 1 Block diagram of HP 8510A vector
network analyzer and measurement system.
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FIGURE 2 Dielectric spectra of human erythrocyte suspensions for
selected temperatures from 5 to 40'C with equal 5'C increments.
transmission line was connected to one test port of the S-parameter test set
(HP 8515A) through a SMA connector, while the other was dipped into the
sample solution. The synthesized sweeper (HP 8340A) was set in the cw
mode, and was controlled by a work station (HP 9000-300) such that the
whole frequency range was swept on a logarithmic scale over 201 frequency
points. Each sweep takes less than 1 min. A complex impedance Z that
depends on the dielectric properties of the sample was determined from the
complex reflection coefficient (F) at the interface between the flat end of
the probe and the sample, where
1+rz = z01- (1)
and Z0 is the characteristic impedance of the coaxial line. In a first order
approximation, the interface between tip and sample can be modeled as two
parallel capacitors (Athey et al., 1982; Stuchly et al., 1982), which gives an
impedance
1
=jW(Cf + EC)' (2)
where Cf is a capacitance determined by fringing-fields effects inside the
probe, C. is a capacitance that depends on effects of the fringing-fields
outside the probe tip that couple to the sample, j = N§i, w is the angular
frequency, and E = e'-je" is the complex dielectric constant of the sample.
From Eqs. 2 and 3 we can find e from F. However, r is not the actual
measured reflection coefficient (pm) from the network analyzer, since the
latter includes not only information from the interface but also error effects
from the coaxial line, connectors, and container. To eliminate these sys-
tematic errors, a calibration procedure, which is based on a linear assumption
and involves three standard measurements and some mathematical manipu-
lation of a scattering matrix, was used. A simple matrix derivation gives (see
Appendix):
AlPm-A2
A3-p (3)
where Al, A2, and A3 are three frequency-dependent complex constants,
related to the elements of the scattering matrix, and furthermore, Al and A2
are also related to Z0, Cf, and C.. The three constants can be determined by
three standard measurements at each frequency point. The three standards
are an "open," which gives e = 1, a short, which gives F = -1, and a known
solution, which in this case is the saline we use to prepare the sample. The
"open" is easily obtained by exposing the open end to the air. The short
circuit can be achieved by gently pressing a piece of aluminum foil against
the open end. To get good electrical contact, the end should be flat and any
oxidation layer should be polished off carefully. When a good short is
achieved, Pm, shown on the display of the HP 8510, shows a stable 180°
phase shift with respect to the open measurements at low frequencies, while
its magnitude remains unchanged. A standard liquid measurement was ob-
tained by dipping the probe into the solution. An analytical equation was
utilized to give the complex dielectric permittivity for saline at different
temperatures and molarities. The analytical equation given by Stogryn
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(1971), which has been widely used, contains errors so we use our own
version of equations for the complex dielectric constant of saline based on
a re-evaluation of earlier data (Weyl, 1964; Malmberg and Maryott, 1956).
The probe is 2.2 mm in diameter and about 15 cm in length, and was
preconditioned three times in the temperature range from -4 to 850C to
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The deformation of Teflon in the coaxial line will become smaller and
smaller during the temperature cycling because of the friction between the
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formation of the probe caused by changing temperature becomes negligibly
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FIGURE 3 Comparison between the CNLS fits (solid lines) and the experimental data (@) for 5'C (a), 25'C (b), and 40'C (c). The contribution of odi,
which is determined from CNLS fits, has been subtracted in the Cole-Cole plots, where only a small high-frequency portion of the arc for the 3-dispersion
is shown.
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small in the temperature range of this experiment, which is much smaller
than the range of temperature cycling. To further minimize systematic errors
caused by using the probe at different temperatures, we applied appropriate
calibration files that were obtained from standard saline at corresponding
temperatures to calibrate the measurements at each temperature. In this way,
we take any remaining small deformations, if there are such, into account.
Approximately 20 ml of human erythrocytes was drawn by venous
puncture and mixed with saline (0.154 M). Sample cells are sedimented
by centrifugation at about 3500 X g for about 30 min, and the plasma and
buffy coat above the erythrocytes are removed. This process was repeated
twice to ensure purity of the erythrocyte sample. About 5 ml of packed
cells were used for the measurements. To achieve good quality data, the
relative position of the probe in the container should be kept the same
through all the liquid measurements. This is particularly important when
the quantity of sample is small and to minimize a resonant feature ob-
served around 2 GHz, which is essentially due to the finite volume of
sample. Care must be taken to make sure that there are no air bubbles in the
sample, especially near the flat end of the probe. The sample solution in its
container is in intimate thermal contact with a water-jacketed brass enclosure
whose temperature is controlled by a high speed constant temperature circula-
tor (Neslab RTE-110D).
RESULTS AND DISCUSSION
Fig. 2 presents the experimental results in the temperature
range from 5 to 40'C for equal 50C increments: each of these
spectra show two major dispersions, which are commonly
referred as the (3- and y-dispersions, although only the high-
frequency tail of the 3-dispersion is covered in this frequency
range. Between the two major dispersions there is a much
smaller dispersion. At frequencies above 300 MHz, cell
membranes pose no hindrance to the passage of electrical
current, and their dielectric properties are dominated by wa-
ter and proteins. There are three important features in the
spectra: 1) The low-frequency portion of both E' and d', in
the 3-dispersion region, shows a largerjump from 35 to 40'C
than the series jumps in the same temperature intervals at
lower temperatures, which is consistent with the phase tran-
sition temperature we found previously (Bao et al., 1992).
2) E' between 0.5 and 2 GHz shows a stronger temperature
dependence at lower temperature and decreases while tem-
perature increases. 3) At -3.4 GHz, the value of E' is almost
a constant with temperature, which is essentially due to water
molecules. E' increases with temperature when frequency is
above this value while it decreases with temperature for fre-
quencies lower than but not far away from this point. The
shape and temperature dependence of the broad symmetric
peaks of?' in the GHz range suggest that the resonant ab-
sorption of microwave energy is due to water dipoles, which
implies that non-thermal processes are insignificant com-
pared to thermal effects, at least at the single cell level. To
analyze the (3- and -y-dispersions, we have found that they can
be represented well by two Cole-Cole functions:
Ecc == Eb+ 1: Aem + t'dc
mh 2 1 + (jal)Tm) jWE (4)
where Eh is the high-frequency limit of the dielectric constant,
AEm is the dielectric decrement of the dispersion, Tm is a
relaxation time, 0 < am < 1, cdc is the dc conductivity, and
E0 is the dielectric constant of the vacuum. The small
dispersion between the two major dispersions has not
been taken into account because 1) it has a much smaller
magnitude than the other two dispersions; 2) a large por-
tion of it was overlaid with other dispersions; and 3) in-
troducing additional parameters in fitting would not be
sound statistically.
The Cole-Cole function is only an empirical representa-
tion, which gives a power-law relation between permit-
tivity and frequency, and has been widely used in dielec-
tric analysis (Macdonald, 1987; Bottcher and Bordewijk,
1978). Many types of systems, especially disordered sys-
tems, display such non-Debye behavior (Grochulski et al.,
1992; Ngai, 1987), which is usually ascribed to the pres-
ence of a distribution, possibly of a fractal nature (Schroe-
der, 1991; Dissado, 1990; Niklasson, 1987), of some
physical quantity in space, time, or energy. Although there
exist quite a few ideas yielding these power-law relations
(Zhou and Bagchi, 1992; Nee and Zwanzig, 1970), there is
no universally accepted theory for them. The exponent am
is a measure of deviation from a simple Debye relation and
can be taken mathematically as an indicator of the distribu-
tion width of time constants symmetrically centered at Tm.
A smaller am implies a broader distribution range, and
am = 1 gives a single time constant relaxation process
(Debye behavior). An accepted physical explanation of a
distribution of time constants is that different relaxation
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FIGURE 4 Comparison of the dielectric dispersions (13 and -y) between
Eq. 1 (thin lines) and experimental data (thick lines) for three different
temperatures over an extended frequency range that covers both f3- and
-y-dispersions entirely.
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units experience different dynamic environments such that
the distribution of time constants is mainly a reflection of
the distributions of the structure and dynamics, which are
intrinsic to disordered systems. For our cell suspension
system, because local environmental variations at the inho-
mogeneously charged surfaces of individual cells and on
the side chains of proteins give a different local electrQ-
static field, counterions, which are responsible for the
13-dispersion, and bound water layers from the surrounding
electrolyte react differently to the external electrical field.
These differences can be highly nonlinear, and can be rep-
resented mathematically by a distribution around their
mean value, which usually results in some form of power-
law variation in the dispersion function, regardless of their
underlying physical nature.
The parameters of Eq. 4 are determined by means of a
complex nonlinear least squares (CNLS) fit, which fits the
real and imaginary parts simultaneously and ensures a global
fit. The objective function (S) is defined as
n
S(P) = W{,(()[E (}C, P) Er(Ck)]2
k=1
+ Wih(k)[E'(Ok, P) Ei(k)]2},(5)
where n is the number of data points, subscript and super-
script r and i denote the real and imaginary parts, respec-
tively, and W is the weighting factor. P = {IEh A m, Tm9 am,
ar, m = 1, 2} represents a set of real parameters. The best-fit
values of these parameters are evaluated by minimizing S
using the Levenberg-Marquardt algorithm (Press et al.,
1988). The fits are remarkably good. Fig. 3 shows the com-
parison between the CNLS fits and the experimental data at
three different temperatures (5, 25, and 40'C). Fig. 4 shows
the double Cole-Cole function in an extended frequency
range (100 kHz to 100 GHz) to present an overall picture of
the dielectric dispersion in the entire radio and microwave fre-
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quency range. Although the absolute values beyond the experi-
mental data may be subject to errors to some extent, these curves
are consistent with our current understanding of the dielectric
dispersion of cell suspensions.
Fig. 5 shows the temperature dependence for the param-
eters of the (3-dispersion (AE1, T1, a1) and Udc, which are
mainly determined by the low-frequency portion of the spec-
tra. Since only the high-frequency tail of the (-dispersion is
covered in this range, the corresponding parameters are not
well determined, especially at low temperatures, so they are
only suggestive. However, more and more of the
3-dispersion moves into this range when temperature in-
creases so that the accuracy of these parameters becomes
better. We wish to stress, however, that the repeatability and
accuracy of our dielectric measurements is very good. The
only significant error analysis amounts to a X2 goodness-of-
fit analysis of whether the data fits a particular dispersion.
We choose to fit our data with the minimum number of ad-
justable parameters so that our dispersion parameters are a
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reliable description of the suspensions. It is actually possible
to add other (small) dispersions and obtain apparently even
better fits, but the presence of these additional dispersions is
highly dubious and we do not include them. The 3-dispersion
is mainly caused by interfacial polarizations between dis-
similar materials. In general, the larger the difference of their
dielectric properties, the larger the decrement of the disper-
sion. When the materials are the same, the dispersion dis-
appears. In our case the dielectric constant of saline is about
80 in the MHz range while the equivalent dielectric constant
of cells is about 60. When temperature increases, the di-
electric constants of both saline and cells decrease, however,
the latter decreases more slowly, which results in a decreas-
ing difference of dielectric constant between cells and saline.
Thermally stimulated depolarization can also affect the
1-dispersion. At about 350C, the decrease of the dielectric
decrement (AE1) becomes faster, which may result from an
increase of the dielectric constant of the cell membrane in-
duced by a thermally-activated process (Bao et al., 1992).
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FIGURE 7 Arrhenius plots of the time constants (Ti and T2) obtained from
CNLS fits (0) and their least squares fits (solid lines) for 13-dispersion (a)
and -y-dispersion (b).
T1 decreases with temperature, as shown in Fig. 5 b, which
may result from an increase in conductivity of the cytoplasm
and the extracellular medium. The exponent a1 in Fig. 5 c is
almost a constant with temperature, which suggests that the
structural and dynamic distributions in and around cell mem-
branes that affect the 13-dispersion are more or less tempera-
ture-independent. The dc conductivity of the suspension,
shown in Fig. 5 d, increases with temperature and its rate of
increase with temperature becomes higher for temperatures
higher than 350C.
Fig. 6 shows the temperature dependence of the param-
eters of the y-dispersion (AE2, T2, a2) and Eh, which are mainly
determined by the high-frequency portion of the spectra. AE2,
shown in Fig. 6 a, decreases with temperature, which is con-
sistent with the behavior of water. T2 in Fig. 6 b decreases
with temperature, which results from the increase of the re-
laxation frequency of water molecules. Fig. 6 c shows that
a2 decreases linearly with temperature, suggesting a broader
distribution of time constants at higher temperature. The
thermal movement of macromolecules will strongly affect
the water molecules bound to them, and a higher temperature
causes a higher degree of disorder, which gives a broader
distribution of time constants. The dielectric background of
the y-dispersion, Eh, shown in Fig. 6 d, which is determined
by microscopic system structure, varies nonlinearly with
temperature.
Measurements made at different temperatures show the
dispersion maximum shift in the manner of a thermally ac-
TABLE 1 Parameters from the linear least squares fits of
Arrhenius plots
Parameter Tm (s) AH (kcal/mol)
13-Dispersion 0.036 ± 0.024 9.87 ± 0.42
y-Dispersion 0.035 ± 0.003 4.80 ± 0.06
Fit and data are shown in Fig. 7.
tivated process, which is usually expressed as an Arrhenius
relation
T = Tooe I (6)
where TO is a prefactor, AH is the activation enthalpy, and
R is the molar gas constant. T.O and AH can be found with an
Arrhenius plot, shown in Fig. 7, with a linear least squares
fit. The results are given in Table 1.
In conclusion, we have described our measurement tech-
nique and calibration method and used them to study the
dielectric properties of human erythrocytes. Two major dis-
persions (,B and y), characterized by two Cole-Cole func-
tions, and a much smaller dispersion between them have been
observed in the frequency range from 45 MHz to 26.5 GHz,
and over a temperature range from 5 to 40'C. The low-
frequency part of both E' and E" shows a significant jump in
the temperature range from 35 to 40'C. At around 1 GHz,
EI' shows a stronger temperature dependence at lower tem-
peratures. At about 3.4 GHz, E' is almost independent of
temperature. The temperature dependence of the time con-
stants suggests that the underlying physical relaxation
mechanism is a thermally activated process, and the activa-
tion enthalpies for the 13- and y-dispersions are 9.87 ± 0.42
kcal/mol and 4.80 ± 0.06 kcal/mol, respectively.
APPENDIX
For a linear two-port network, we always have
(Al)
b2 )\(S21 S22 ) a2
where sij (i, j = 1, 2) are the elements of the scattering matrix, ai and bi
(i = 1, 2) are incident and reflected waves, respectively, and i = 1 and 2
corresponds to the port connected to the network analyzer and the port
dipped into the sample, respectively. With Pm = b1l/a and r = b2/a2, we get
the following equation
IF = ~~ Pm 511
S22Pm + S12S21 Sl1S22
With Eqs. 1 and 2, we finally have
(A2)
A2 + A3 e
Pm A + E
where Al, A2, and A3 are given by
1 -22 Cf
jA1]ZOCO(l + S22) CO'
SilA- slls22 + S12S21 Cf(S1l + S11S22 S12S21)
2 jcoZOCO(l + S22) CO(' + S22)
A + sl 1s22 -S12S21
1 + S22
(A3)
(A4)
(AS)
(A6)
Since Z0, Cf, and C. have be combined into A1 and A2, individual estimation
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of the lumped circuit parameters becomes unnecessary. Although Eq. A.3
has been reported previously (Wei and Sridhar, 1989), we have derived it
in a different way. The advantage of our derivation is that Z0, C., and Cf are
explicitly shown inAl and A2. Substituting "short" (F =-1 and Pm = Pm')
into Eq. A.3, we have
A3 = ps (A7)
where superscript s represents short. Substituting "open" (E = 1 and Pm =
Pm°) and "standard liquid" (E = Es and Pm = Pml) into Eq. 9, we have
p°mAj -A2 -A3 = -Pm X (A8)
pA -A2 - EA3 = Es&Pm (A9)
where superscripts o and 1 stand for open and standard liquid, respectively,
and Es is the dielectric constant of saline. Solving the above complex equa-
tions gives Al, A2, and A3. After obtaining these three complex constants,
the unknown complex dielectric constant can be found with Eq. 3 from Pm
at each frequency point. Although only the coaxial line and SMA connector
are taken into account by the scattering matrix in the above derivation, we
find that other artifacts, such as the effects of the sample container, can be
eliminated quite well. It is interesting to notice that Eq. 3 has the same math-
ematical form as Eq. 16 in Bao et al. (1993), despite the fact that the latter was
derived using a completely different approach.
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